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Abstract. The paper presents the results of experimental studies of the effect of
mechanoactivation of the powder, argon shielding gas and the effect of technological
modes of melting: the speed of the laser beam, the power of laser radiation, the
scanning step, the preliminary temperature of heating the powder material on the
surface roughness of the copper powder material obtained by selective laser melting.
Experiments on the melting of copper powder are implemented on the installation of
layer-by-layer laser melting of the original design, which allows to adjust all
technological modes of melting. The surface roughness is determined on the non-
contact digital microscope Olympus LEXT OLS4100. The mathematical dependence
of the surface layer roughness of copper powder on the technological modes of
melting is obtained on the basis of the theory of experiment planning and static
processing of the results. The significant parameters of the regime-the power of laser
radiation, the speed of the laser beam, the scanning step affecting the roughness of the
layer. The positive effect of mechanical activation of powder material and protective
atmosphere on the quality of the surface layer is shown.

Introduction

The first commercially successful additive production method was developed in 1987 by Carl
Descartes and used to make models and prototypes [1]. Currently, additive technologies are the fastest
growing advanced technologies in the world. Unlike traditional methods of material removal, rapid
prototyping technologies are aimed at creating complex products by sequentially adding material
(materials). By now, a large number of rapid prototyping methods are known which differ in the
material used and in the way the product is formed. Innovative is the method of selective laser melting
of a physical copy of various objects from metals and alloys based on the 3D CAD-model. The
volumetric product is created by layer-by-layer melting of the powdered material laser beam in
accordance with the contour of each section. In recent years, the microstructure and mechanical
properties of the parts have improved significantly due to improvements in laser processing conditions
(increase in laser power, reduction in the diameter of the laser beam, reduction in the thickness of the
resulting layer, etc.). Despite significant progress, the technology of selective laser melting still faces
surface quality problems [2, 3]. Obtaining a good quality surface is the main issue for preventing
delaminating, residual stresses, premature failure.

A review of the literature has shown that the laser power and scanning speed are often presented as
the main parameters affecting the surface quality of the product obtained by selective laser sintering
[4]. Brecher et al [5] suggested that the scanning speed is preferred in the appointment of modes of
melting. The relatively low speed allows for uniform melting of the powder material, but as a result
there is a problem of low productivity [6]. Van and co-authors [7] analyzed the effect of scanning
speed and pitch to achieve good surface quality. Great importance is given to the impact of scanning
strategy. In [8], studies were conducted to assess residual stresses and strains under various scanning
strategies for the Nickel-chromium alloy Inconel 718. It is written that the maximum stresses along the
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x and Y axes were observed in samples with the contour scanning strategy when they were shifted to
the center (Fig. 1, h).
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Figure 1. The scan strategy [8].

Significant stresses were formed with a horizontal scanning strategy (Figure 1, h). All samples have
a voltage along the X and Y axes between the single layer and the substrate. It was noted that with
oblique scanning at an angle of 45°, the samples showed slight residual stresses and deformations, in
comparison with other scanning strategies (Figure 1, ¢) [8].

In [9], studies were made of the effect of laser power, the scanning speed, the layer thickness, and
the scanning strategy on the surface roughness of the nickel-chromium-iron-molybdenum alloy
HASTELLOY X obtained by selective laser melting. It is noted that cohesion has a great influence on
the roughness of the surface layer. Coagulation is the fusion of fine powder particles into larger ones
under the influence of laser radiation. There was a decrease in coagulation with a decrease in the
scanning rate, which is due to an increase in the melting time of the powder and a decrease in the
viscosity of the melt. Increasing the scanning step leads to an increase in the surface roughness. The
surface roughness has the smallest value of 15 um at a laser power of 200 W and scanning speed of
3000 mm/s. The authors proposed to improve the roughness of the inclined surface by contour
scanning of each layer with increased energy density.

Analysis of the literature showed that the regimes and melting conditions for different materials are
determined experimentally and depend on a significant number of parameters [10, 11, 12]. The aim of
this paper is to establish the limits in which the surface roughness of a copper powder obtained by
selective laser melting can be varied by changing the technological modes of laser processing.

Materials and methods

Experiments on the melting of copper powder are implemented on the installation of layer-by-layer
laser melting of the original design, which allows to adjust all technological modes of melting. The
device is a technological laser complex for the formation of surfaces of products of complex spatial
shape, consisting of ytterbium fiber laser LK — 100 — V, three-coordinate table, personal computer,
CNC system and original software. Ytterbium fiber laser with a wavelength of 1.07 microns allows
you to adjust the power from 10 to 100 watts. The quality and accuracy of the manufactured products
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provide constant output power and focus accuracy of the fiber laser. Control of the laser beam with a
special program in the working area of 100x100x100 mm allows scanning on any given contour. On
the body of the installation, for applying a layer of powder in the melting zone, the carriage and
leveling rollers are fixed. Inside the carriage there is a powder hopper that allows you to adjust the
density of the applied layer. The powder layer is scanned by the laser beam along the required
trajectory at the specified modes. After receiving a single layer, the table is lowered by a stepper motor
to the layer thickness [13]. With the help of a carriage, the platform is filled with powder material to
form the next layer. The cycle is repeated until the complete creation of the product, then the table is
moved to its original position and the finished part is removed. To eliminate the interaction of the
powder with oxygen and nitrogen, it is possible to supply a protective gas to the laser melting zone.

Copper stabilized powder is widely used in various fields of industry. The powder particles have a
spherical shape with a nominal size of 0.007 mm, bulk density of 1.25-1.9 g/cm3. The roughness of the
layer was determined by a microscope OLYMPUS LEXT OLS 4100.

During the experiment, the technological modes of melting were changed: the power of laser
radiation, scanning speed, scanning step, the temperature of heating the powder composition. Studies
have been conducted on the influence of argon protective gas and mechanical activation of powder on
the roughness of the surface layer of the copper powder obtained by the method of selective laser
melting. The protective environment allows to exclude interaction of powder products with oxygen and
nitrogen, and also to strengthen a surface of a product. Mechanical activation is used to increase the
dispersion, the presence of defects in the crystal lattice of the powder [14]. Mechanical processing of
the powder was carried out in the centrifugal-planetary mill AGO-2.

Results and discussions

At the first stage, preliminary exploratory experiments were carried out to determine the acceptable
melting modes. Under them meant modes when a single layer did not crumble, i.e. had some
mechanical strength without significant deformation. Experiments have shown that the laser power is
less than 14 W and the laser beam speed is more than 3000 mm/min are insufficient for melting the
powder material. Power more than 30 W and speed less than 200 mm/min leads to intensive oxidation
and ignition of the powder. Scanning step of more than 0.3 mm does not allow single tracks to be
sintered together, which prevents the formation of a single layer. Increasing the temperature of heating
the powder material has a positive effect on the strength of the single layer.

To establish the empirical dependence of the layer roughness of copper powder on the technological
modes of melting, a four-factor experiment was carried out on the program of the second order central
composite planning. For this purpose, sixteen experiments of the four-factor experiment were
implemented; seven experiments were conducted in the center of the plan and supplemented with eight
experiments in “star" points. Copper powder was determined by the following ranges of conditions of
melting are: the radiation power P=(14-30) W, the moving speed of the laser beam V=(200-3000)
mm/min, scanning step s=(0.1-0.3) mm; the heating temperature of the powder composition varied in
the range t=(26-200) °C. Surface roughness was determined using a digital contactless microscope
Olympus LEXT OLS4100, figure 2.

Figures 3-8 show the effect of technological regimes and conditions of melting on the appearance of
the surface of a single layer of copper powder obtained by selective laser melting.

a o 6
Figure 2. Determination of surface roughness on the microscope Olympus LEXT OLS4100:
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a-photo of a single layer of copper powder obtained by selective melting in the following modes: P=30
W, V=2000 mm / min, s=0.2 mm, t=300°C; b-cross section of the surface profile; b-profilogram of the
surface layer Rz, pm.

The effect of laser power on the surface roughness of a single layer is shown in figure 3. The power
increase from 14 to 30 W at V=1600 mm/min, s=0.2 mm leads to a change in Rz from 480 to 725 um.

Figure 3. Photos of the surface of a single layer of copper powder obtained by selective melting at the
modes:
a-P=30 W, V=1600 mm/min, t=114 °C, s=0.2 mm, Rz=725 pm,
b-P=14 W, V=1600 mm/min, t=114 °C, s=0.2 mm, Rz=480 pum.

The effect of the laser beam velocity on the surface roughness of a single layer is shown in figure 4.
Increasing the speed from 200 to 3000 mm/min at P=22 W, s=0.2 mm leads to a change in Rz from 750
to 480 microns. In figure 4, a there are areas of uniform powder melting.

Figure 4. Photos of the surface of a single layer of copper powder obtained by selective melting at the
modes:
a- P=22 W, V=200 mm/min, t=114 °C, s=0.2 mm, Rz=750 pm,
b- P=22 W, V=3000 mm/min, t=114 °C, s=0.2 mm, Rz=480 pum.

The effect of the heating temperature of the powder material on the surface roughness of a single

layer is shown in figure 5. The temperature increase from 20 to 200 °C at P=30 W, V=3000 mm / min,
s=0.3 mm leads to a change in Rz from 540 to 525 microns.

a b
Figure 5. Photos of the surface of a single layer of copper powder obtained by selective laser melting at
the modes:

a- P=30 W, V=3000 mm/min, t=200 °C, s=0.3 mm, Rz=525 pm,

b- P=30 W, V=3000 mm/min, t=20 °C, s=0.3 mm, Rz=540 pm.

The effect of the scanning step on the surface roughness of a single layer is shown in figure 6.

Increasing the scan step from 0.1 to 0.3 mm at P=30 W, V=3000 mm / min, t=200 °C leads to a change
in Rz from 740 to 525 microns.
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a b

Figure 6. Photos of the surface of a single layer of copper powder obtained by selective laser melting at
the modes:
a- P=30 W, V=3000 mm/ min, t=200 °C, s=0.3 mm, Rz=525 pm,
b- P=30 W, V=3000 mm / min, t=200 °C, s=0,1 mm, Rz=740 pum.

Figure 7 shows the effect of shielding gas on the surface roughness of a single layer. During the
sintering of copper powder in argon, a change in the color of the sintered surface was observed, it
acquired a Golden color and the surface roughness of Rz decreased from 650 to 500 pm.

Figure 7. Photos of the surface of a single layer of copper powder obtained by selective melting
in different modes:
a- P=22V, V=1600 mm/ min, t=114 °C, s=0.3 mm, Rz=650 pm, air sintering;
b, P=22V, V=1600 mm / min, t=114 °C, s=0.3 mm, Rz=500 um, sintering in argon.

Influence of mechanical activation of powders on the surface roughness of a single layer is shown in
figure 8. The effect of laser radiation on the powder subjected to three-minute activation leads to a
decrease in the diameter of the coagulated particles and their uniform distribution over the surface.
0Surface roughness is significantly reduced from 600 to 125 microns, at P=14 W, V=200 m/ min, t=20
C,s=0.1 mm.

Figure 8. Photos of the surface of a single layer of copper powder obtained by selective melting:
a-P=14 W, V=200 mm/min, t=20 °C, s=0,1 mm, Rz=600 um; b —P=14 W, V=200 mm / min,
t=20 °C, s=0,1 mm, Rz=125 um, after three minute activation.

As a result of planning and conducting experiments and static processing [15] the results obtained,
the mathematical dependence of the surface roughness of the copper powder on the melting regimes is
obtained, which allows identifying significant parameters:

R, =356+15-P—0.1:V —0.057-t+425.S (1)

The dependence of the roughness of a single layer on the melting modes is shown in figure 9 [16,
17].

The roughness of the surface layer of copper powder is significantly affected by the speed of the
laser beam. The change in V from 200 to 3000 mm / min leads to a decrease in Rz by 56.25%, at P=22
W, s=0.2 mm, t=114 °C, in accordance with figure 4. Power also has a big impact on Rz. Increasing P
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from 14 to 30 W R; increases by 62%, at V=1600 mm / min, t=114 °C, $=0.2 mm, figure 3. Change S
from 0.1 to 0.3 mm reduces Rz by 40%, at P=30 W, t=200°C, V=3000 mm / min, according to figure 6.
The heating temperature of the powder material on the Rz affects slightly.
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Figure 9. Diagram of the influence of melting modes on the roughness of a single layer Rz :
—- V=200 mm/min, t=26 °C, S=0.3 mm; —o- V=200 mm/min, t=200 °C, $S=0.3 mm;
~*-\/=200 mm/min, t=26 °C, S=0.1 mm; —o- V=200 mm/min, t=200 °C, S=0.1 mm;
—o— V=3000 mm/min, t=26 °C, $S=0.3 mm; —=- V=3000 mm/min, t=200 °C, $=0.3 mm;
-»-\/=3000 mm/min, t=26 °C, $=0.1 mm; -a-V=3000 mm/min, t=200 °C, $S=0.1 mm.

Thus, the speed of the laser beam, the laser radiation power and the scanning step are the main
parameters that affect the roughness of the sintered surface layer of copper powder.

Conclusion

The conducted research allowed to determine the rational areas of technological modes of selective
laser melting of copper powder: P=(14-30) W, V=(200-3000) mm/min, s=(0.1-0.3) mm; t=(26-200)
°C, to determine the nature of the effect of selective laser melting modes and to obtain an empirical
dependence of the roughness of a single surface layer of copper powder, which allows to control the
melting process in order to obtain a quality product. The positive effect of protective atmosphere and
mechanical activation of metal powder materials on the quality of the surface layer is noted. To reduce
roughness, improve internal structure and strength properties, melting is recommended to be carried
out in argon using metal powder materials subjected to mechanical activation. The studies show that
the roughness of the surface layer Rz can be changed within significant limits, changing the
technological modes of laser processing. The roughness of the sintered surface layer of PMS-1 is most
influenced by the speed of the laser beam. The change in V from 200 to 3000 mm / min leads to a
decrease in Rz by 56.25%, at P=22 W, s=0.2 mm, t=114 °C. Power also has a big impact on Rz.
Increasing P from 14 to 30 W R; increases by 62%, at V=1600 mm/min, t=114 °C, S=0.2 mm. Change
S from 0.1 to 0.3 mm reduces Rz by 40%, at P=30 W, t=200°C, V=3000 mm / min. the temperature of
heating of the powder material on Rz affects slightly. Thus, the speed of the laser beam, the laser
radiation power and the scanning step are the main parameters that affect the roughness of the sintered
surface layer of copper powder.

References
[1] Beaman J J and Deckard C R 1990 Selective laser sintering with assisted powder handling US
patent no 4938816



ISPCIET 2018 0P Publishing

IOP Conf. Series: Materials Science and Engineering 441 (2018) 012044 doi:10.1088/1757-899X/441/1/012044

[2] Shishkovsky | B 2006 Selective laser sintering and synthesis of functional structures Diss Dr
Phys-Mat Sciences 01.04.17 Samara RGB p 390

[3] Agarwala M, Bourell D, Beaman J, Marcus H and Barlow J 1995 Direct selective laser sintering
of metals Rapid Prototyping Journal Vol 1 1 pp 26-36

[4] Mumtaz K and Hopkinson N 2009 Top surface and side roughness of Inconel 625 parts processed
using selective laser melting Rapid Prototyping Journal 15 (2) pp 96-103

[5] Brecher S, Jeschke G, Schuh S, Aghassi J, Arnoscht F and Bauhoff F 2012 Welter, Integrative
Production Technology for High-wage Countries Springer Berlin Heidelberg pp 17-76

[6] Gibson I, Rosen D and Stucker B 2009 Additive manufacturing technologies Rapid Prototyping
to direct digital manufacturing New York USA Springer p 459

[7]1 Wang D, Liu Y, Yang Y and Xiao D 2016 Theoretical and experimental study on surface
roughness of 316L stainless steel metal parts obtained through selective laser melting Rapid
Prototyping Journal 22 (4)

[8] Cheng B, Shrestha S and Chou K 2016 Stress and deformation evaluations of scanning strategy
effect in selective laser melting Additive Manufacturing 12 pp 240-251

[9] Tian Y, Tomus D, Rometsch P and Wu X 2017 Influences of processing parameters on surface
roughness of Hastelloy X produced by selective laser melting Additive Manufacturing 13 pp
103-112

[10] Kruth J, Wang X, Laoui T and Froyen L 2003 Lasers and materials in selective laser sintering.
Assembly Automation 23 pp 357-371

[11] Jhabvala J, Boillat E and Glardon R 2013 Study of the interparticle necks in selective laser
sintering Rapid Prototyping Journal Vol 19 2 pp 111-117

[12] [12] Kruth O et al 2004 Selective laser melting of iron-based powder Journal of Materials
Processing Technology 149 pp 616-622

[13] Saprykin A and Saprykina N 2012 7th International Forum on Strategic Technology IFOST 2012
6357719

[14] Saprykina N, Saprykin A, Arkhipova D and Borovikov | 2016 Improvement of the Sintered
Surface and Bulk of the Product Via Differentiating Laser Sintering (Melting) Modes Source of
the Document IOP Conference Series: Materials Science and Engineering 142(1) 012089

[15] Spiridonov A A 1981 Planning of experiment in the study of technological processes Moscow
Machine Building p 184

[16] [16] Saprykin A A, Saprykina N A and Arkhipova D A 2017 The effect of layer-by-layer laser
sintering on the quality of copper powder sintered surface layer Proceedings - 2016 11th
International Forum on Strategic Technology IFOST 2016 16760286

[17]Saprykin A A, Saprykina N A and Arkhipova D A 2016 Influence of Shielding Gas and
Mechanical Activation of Metal Powders on the Quality of Surface Sintered Layers IOP Conf
Ser: Mater Sci Eng 125 012016


http://www.emeraldinsight.com/author/Kruth%2C+JP
http://www.emeraldinsight.com/author/Wang%2C+X
http://www.emeraldinsight.com/author/Laoui%2C+T
http://www.emeraldinsight.com/author/Froyen%2C+L
http://www.emeraldinsight.com/author/Jhabvala%2C+Jamasp
http://www.emeraldinsight.com/author/Boillat%2C+Eric
http://www.emeraldinsight.com/author/Glardon%2C+R%C3%A9my
https://ezproxy.ha.tpu.ru:2077/authid/detail.uri?origin=AuthorProfile&authorId=35995958600&zone=
https://ezproxy.ha.tpu.ru:2077/authid/detail.uri?origin=AuthorProfile&authorId=35796077900&zone=
https://ezproxy.ha.tpu.ru:2077/authid/detail.uri?origin=AuthorProfile&authorId=57190140316&zone=
https://ezproxy.ha.tpu.ru:2077/authid/detail.uri?origin=AuthorProfile&authorId=55886046300&zone=
https://ezproxy.ha.tpu.ru:2077/record/display.uri?eid=2-s2.0-84988492933&origin=resultslist&sort=plf-f&src=s&sid=55CC4AEF1C88F2E912D638C5ED835B26.wsnAw8kcdt7IPYLO0V48gA%3a80&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2835995958600%29&relpos=0&citeCnt=0&searchTerm=
https://ezproxy.ha.tpu.ru:2077/record/display.uri?eid=2-s2.0-84988492933&origin=resultslist&sort=plf-f&src=s&sid=55CC4AEF1C88F2E912D638C5ED835B26.wsnAw8kcdt7IPYLO0V48gA%3a80&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2835995958600%29&relpos=0&citeCnt=0&searchTerm=
https://ezproxy.ha.tpu.ru:2077/source/sourceInfo.uri?sourceId=19700200831&origin=resultslist

